Specific dynamic action (SDA) is the postprandial increase in oxygen uptake. Whereas it is easy to measure in fishes that remain calm and motionless during the entire digestion period, spontaneous locomotor activity is a frequent problem that leads to overestimation of SDA amplitude and magnitude (area under the curve, bound by the standard metabolic rate, SMR). Few studies have attempted to remove the effect of fish activity on SDA. A new method, non-parametric quantile regression, is described to estimate SDA even when pronounced circadian activity cycles are present. Data from juvenile Atlantic cod Gadus morhua are used to demonstrate its use and advantages compared with traditional techniques. Software (scripts in the R language) is provided to facilitate its use.
INTRODUCTION
The earliest studies of metabolic rate (MR) recognized that energy expenditure and oxygen uptake (ṀO 2 , a proxy for MR) increased after a meal (Séguin & Lavoisier, 1789) . Indeed, it is now known, for fishes, that the increase in MR and the accompanying cardiovascular changes caused by a meal can last for hours or days, depending on the meal size, food quality and temperature (Brett & Groves, 1979; Tandler & Beamish, 1979 , 1981 Jobling & Spencer Davies, 1980; Jobling, 1981 Jobling, , 1994 Axelsson et al., 1989 Axelsson et al., , 2000 Beamish & Trippel, 1990; Alsop & Wood, 1997; Farrell et al., 2001; Eliason et al., 2007) . One important implication of this discovery is that the measurement of minimum or standard metabolic rate (SMR, R S ) should be carried out on fasted fishes.
Despite the clear effect on MR of eating and digesting a meal, uncertainty still remains over the exact metabolic cost of different components or causes. For example, there are variable mechanical costs, such as the locomotor activity involved in catching and ingesting prey which, while varying in intensity, are of such short duration compared with the ensuing increase in MR for most fishes and invertebrates, that 153 they are considered relatively small costs (Tandler & Beamish, 1979; Jobling, 1994) . Increased gut motility during digestion (peristalsis) is longer lasting than prey capture but is apparently not very costly (Jobling & Davies, 1979; Tandler & Beamish, 1979) and is difficult to properly separate from the bulk of the postprandial increase iṅ MO 2 , which is due to the cost of food assimilation (Fry, 1971) . These metabolic costs include mobilizing blood flow to the gut, enzyme secretion for digestion and, mainly, post-absorptive cost of assimilation, such as nutrient transport, deamination of proteins, mostly in the liver, and protein synthesis (Coulson et al., 1978; Jobling, 1983 Jobling, , 1994 Lyndon et al., 1992; Whiteley et al., 2001; Fu et al., 2005a; McCue, 2006; Secor, 2009) .
The biochemical component has been termed the 'specific dynamic effect ' (Rubner, 1902; Beamish, 1974) , which has been changed to specific dynamic action (SDA), the term most often used in the literature. Synonyms and, some would claim, more exact terms are the heat increment of food (Kleiber, 1975; Brett & Groves, 1979) , dietary thermogenesis as well as the calorigenic or thermic effect of feeding (Koshio et al., 1992; McCue, 2006) . Secor (2009) provides an extended review of the synonyms of SDA. The adjective 'apparent' is added to these terms whenever the cost of excitement, catching, grasping, chewing and swallowing prey cannot be removed from that of food assimilation (Beamish, 1974; Beamish & Trippel, 1990) . Apparent SDA is then the same as feeding metabolism, which includes both the mechanical and post-absorptive components of food processing (Brett & Groves, 1979) .
Four variables are typically used to describe SDA: the peak value of postprandial MO 2 , the time required to reach this peak value, the duration of the period whenṀO 2 is elevated and the total postprandial O 2 cost or magnitude (the area under the postprandialṀO 2 curve bounded by the SMR or other baseline level, e.g. pre-feeding or routine metabolic rate, RMR) (Jobling, 1981) . Some authors use SDA to refer to the magnitude of the postprandial increase inṀO 2 (Secor, 2009 ). The challenge is accurately measuring these variables. A first difficulty is that fishes do not always voluntarily ingest the desired meal when inside a respirometer. It is common for experimenters to use gavage (forced feeding) to deliver the food to fishes (Axelsson et al., 2000; Eliason et al., 2008; Dupont-Prinet et al., 2009; Eliason & Farrell, 2014) and, while this approach measures SDA (by opposition to apparent SDA), there is a need to deal with the handling stress that elevateṡ MO 2 during the first few hours of digestion. An alternative is to move the fish to a tank where feeding can proceed and move it back to the respirometer after feeding (Muir & Niimi, 1972; McKenzie et al., 2013) or to feed the fish first in its regular tank and only then transfer it to the respirometer (Dupont-Prinet et al., 2013; McKenzie et al., 2013) . Again, the beginning of SDA may be confounded by the elevated values ofṀO 2 caused by the transfer of the fish into a respirometer (Chabot et al., 2016) . With either method, confounding effects can be removed by eliminating the first few hours (exact duration determined from sham-feeding experiments) from the SDA and assuming a linear relationship between SMR and the first usable postprandial value (Dupont-Prinet et al., 2013; Eliason & Farrell, 2014) or by correctingṀO 2 during the first few hours of SDA, using data from sham feeding or from the introduction of unfed fish to a respirometer.
To measure SDA in fishes,ṀO 2 must be measured continuously for up to several days, especially if the meal is large or temperature is low, with a good respirometry
system. Varying levels of spontaneous activity that increaseṀO 2 both before and after feeding constitute a key difficulty with accurately measuring SDA, yet this problem is rarely mentioned. Except with sluggish or sit-and-wait predatory fishes (Fu et al., 2005b) , it is highly unlikely that a fish will remain motionless for the entire duration of SDA, especially in species that have a pronounced circadian activity cycle, i.e. active and inactive at different times of the day, which translates to periods of higher and lowerṀO 2 at these times (Clausen, 1936; Steffensen, 2002; Foss et al., 2003; Svendsen et al., 2014) . A possible solution to this problem is to account for activity by using RMR instead of SMR as a baseline (Saunders, 1963; Eliason et al., 2007; Behrens et al., 2012) . Some authors remove the effect of activity by measuring the difference inṀO 2 of fed and control unfed fishes studied simultaneously (Herbing & White, 2002) , or even better, to avoid individual differences in activity level, by studying the same fishes when fasted and after being fed (McKenzie et al., 2013) . When using RMR or average pre-feedingṀO 2 as a baseline, or when using the difference inṀO 2 of fed and unfed fishes, it is assumed that spontaneous activity is similar, in frequency and intensity, before and after feeding. This assumption is not always correct. Eliason et al. (2007) observed a decrease in averageṀO 2 to values below RMR as SDA proceeded, indicating either a quieting effect of SDA on locomotor activity or a long-term decrease in locomotor activity in the respirometer. These authors concluded that SMR had to be used as the baseline to calculate SDA. Keeping fishes swimming at a constant low speed before and after the meal (Muir & Niimi, 1972) can be used to normalize activity, but assumes that blood allocation to the digestive tract (Farrell et al., 2001 ) and the SDA characteristics themselves are unchanged by the imposed activity. Eliason et al. (2007) kept fish in the dark after feeding to reduce activity rhythms that were present before feeding and then used only the lowestṀO 2 out of every block of four values ofṀO 2 to calculate the amplitude, duration and magnitude of SDA. While this technique successfully reduced the effect of spontaneous activity on SDA measurement, the risk that measurement error or biological variability in consecutiveṀO 2 measurements may have caused some lowṀO 2 values during digestion still remained, which would lead to an underestimate of SDA.
Given these challenges, the objective of this paper is to describe and test a new method, non-parametric quantile regression, to quantify amplitude, duration and magnitude of SDA of individual fish, even when spontaneous activity is suspected during SDA but is not measured. This method has been reported before (Chabot & Claireaux, 2008; Dupont-Prinet et al., 2013; Tirsgaard et al., 2015) but has never been fully described. Here, it is explained and demonstrated using novel data obtained with juvenile Atlantic cod Gadus morhua L. 1758 fed four different diets. Scripts in the R language are provided to facilitate its use.
MATERIALS AND METHODS

E X P E R I M E N TA L A N I M A L S
In April 2008, small (<5 g) G. morhua were obtained from the Coastal Zones Research Institute (Shippagan, New Brunswick, Canada). They were kept at the Maurice Lamontagne Institute (Mont-Joli, Québec, Canada) in 10 800 l tanks. Water temperature was maintained at 11-12 ∘ C and salinity averaged 28. The control treatment was a commercial diet (Skretting Europa 15; www.skretting.com) containing 55% protein, 15% lipids, 11⋅4% ash and 7⋅5% moisture. Nine 155 experimental diets were designed with the aim of finding a better alternative to the control diet (one diet per tank). For the first month, the fish were fed a mixture of the control and experimental diets. Thereafter, fish were fed the experimental diet exclusively, except for those from the control tank, which were fed the commercial diet. The control diet as well as three of the experimental diets (diets 1, 5 and 8) were chosen for SDA determination. All experimental diets resulted in lower growth rates than the control diet and were not useful as alternative diets for G. morhua aquaculture, but these data provided a useful case study for the demonstration of non-parametric quantile regression to quantify SDA. Experimental methods complied with the regulations of the Canadian Council on Animal Care and were approved by the animal care committee of the Maurice Lamontagne Institute (protocols 05-6-C and D).
From March to May 2009, individualṀO 2 was measured for 10 randomly selected fish from each diet by intermittent-flow respirometry (Steffensen, 1989; Svendsen et al., 2016) . Respirometers consisted of PVC circular arenas (30 cm diameter, 9⋅8 cm height) with transparent acrylic cover plates. Internal volume was 7 l, including that of the recirculation loop comprising a pump (model 1046, Eheim; www.eheim.com) and vinyl (Tygon) tubing. This loop ensured good mixing within the respirometer. The respirometers were large relative to the size of the fish (water volume to fish volume ratio is 175:1) to facilitate spontaneous feeding. This failed but the respirometers were retained. The five respirometers were immersed in a 360 l tank filled with filtered seawater (salinity of 27⋅6 ± 1⋅7, 11⋅8 ± 0⋅1 ∘ C, mean ± s.d.). Respirometers were flushed with normoxic water for 5 min (Eheim 1048 pump) and closed for 15 min.
For each trial, five fish were individually transferred to their own respirometer, avoiding air exposure to reduce stress (McKenzie et al., 2007; Zahl et al., 2010; Dupont-Prinet et al., 2013) . Dissolved oxygen (DO) was monitored every second using a fibre optic oxygen meter (Fibox 3 or OXY-4, PreSens; www.presens.de) connected to a DAQ 1 or DAQ 4 automated control system associated with the AutoResp 1.6 or AutoResp 4 1.8 software (LoligoSystems; www.loligosystems.com), respectively.ṀO 2 was estimated from the linear decline in DO during the last 13 min of a closed respirometer, according to Steffensen (1989) . For each fish, the minimum r 2 value necessary to ensure linearity of slopes was determined by examining a large number of slopes. The average minimum r 2 was 0⋅96, andṀO 2 measurements with a lower r 2 than the limit set for each fish were rejected. On average, only 3⋅1% ofṀO 2 measurements for each fish were rejected.ṀO 2 values are reported as μmol O 2 min −1 kg −1 , after allometric correction to the average mass of the fish in the experiment, namely 0⋅046 kg (Steffensen et al., 1994) . Equation (8) in the study of García & Gordon (1992) was used to calculate oxygen solubility at the appropriate water temperature and salinity. Oxygen probes were calibrated prior to each experiment with a solution of water saturated with sodium sulphite and with aerated water at the experimental temperature.
BackgroundṀO 2 was measured before and after each experiment and was usually low and stable for each experiment, and the average was used to correct theṀO 2 values obtained when the fish was present (Daoud et al., 2007) . If backgroundṀO 2 was greater at the end of the experiment, the increase was presumed to be linear and background respiration was estimated for eachṀO 2 value using a linear regression of backgroundṀO 2 as a function of time (Roche et al., 2013) , even though it cannot be excluded that the progression of background respiration was non-linear (Clark et al., 2013) .ṀO 2 values were corrected for background respiration and the mean ± s.d. background respiration was 10⋅9 ± 3⋅9% of total respiration.
The fish were placed in respirometers 86⋅0 ± 9⋅6 h (mean ± s.d.) after their last meal and were left alone for at least 48 h, in the dark, for SMR determination. As fish did not eat reliably inside the respirometer, they were taken out, anaesthetized (metomidate hydrochloride, 4 mg l −1 ) and force-fed their experimental ration (pellets mixed with equal mass of water) using a syringe connected to a length of vinyl tubing coated with petroleum jelly. Target rations were 3% of body mass because pilot experiments showed that larger rations typically resulted in partial or total regurgitation. Real rations, as verified by weighing the syringe before and after feeding, Table I . Characteristics of the Gadus morhua and specific dynamic action (SDA) for four diets, three experimental and one commercial. Values are means ± s.e. For each row, means with different superscript lower-case letters were different at P < 0⋅05, Tukey's honest significant difference (n = 6 for each diet)
Feed type
*PeakṀO 2 (oxygen uptake) minus SMR (standard metabolic rate). †PeakṀO 2 : SMR. ‡Welch ANOVA (d.f. = 3 and 9⋅56) because the variances were not equal, followed by t-tests with non-pooled variance and Holm protection.
were 2⋅7 ± 0⋅3% (mean ± s.d.) of body mass. To account for the effect of feeding procedure, a sham feeding (same procedure, but the food was replaced by water) was performed c. 24 h prior to the true meal. Data are reported for six fish for each of the four diets (Table I ). In addition, two fish from the pilot study were used as examples [ Fig. 1 (a), (c)] because of their particularly pronounced activity cycles. Of the 24 fish retained for the diet comparison, 20 were fed between 1310 and 1525 hours, and another one at 1613 hours. The remaining three fish (one each for diets 5, 8 and C) were fed between 0915 and 0930 hours.
SMR was calculated according to the recommendations of Chabot et al. (2016) . Briefly, data recorded during the habituation period, soon after the fish was introduced into the respirometer, were excluded from SMR calculation. This period was set to 12 h for the majority of the fish, but a few fish required a longer habituation period, corresponding to continuously decreasingṀO 2 values.ṀO 2 decreased rapidly after sham feeding, and these data were also excluded for the determination of SMR. Data recorded after feeding were also excluded when calculating SMR, except in rare cases when instrument failure resulted in relatively fewṀO 2 values (<24 h of recording) to estimate SMR. When this happened,ṀO 2 values obtained after the SDA response had clearly ended were included in the determination of SMR. A mixture of normal distributions was fitted to theṀO 2 values selected in the previous step. When the c.v. of the values that belonged to the lowest normal distributions was ≤5⋅4%, the mean of the lowest normal distribution (MLND) was considered to be the best estimation of SMR. Otherwise, the quantile with p = 0⋅2 was used (Chabot et al., 2016) .
For the present analysis, the primary assumption was that after a meal, anṀO 2 measurement represented the sum of the oxygen requirements for SMR, SDA, spontaneous activity and stress, as well as any measurement error. WhenṀO 2 is plotted over postprandial time, the lowest values are assumed to represent no or minimal spontaneous activity, with any effect of stress due to the feeding procedure decaying over time. In other words, the lowest values represent SMR, Oxygen uptake (ṀO 2 ) plots of three juvenile Gadus morhua: (a) 22⋅9 g, type 2 diet, ration c. 3⋅5% (not measured accurately), (b) 55⋅4 g, commercial diet, ration of 2⋅8% and (c) 29⋅9 g, type 1 diet, ration of 3⋅3%. A sham feeding ( ) was performed c. 24 h prior to the real feeding ( ).ṀO 2 values ( ) were used to estimate the standard metabolic rate (SMR), those excluded because they occurred during the first 12 h of the experiment, during the rapidly decreasing phase after the sham feeding, or after feeding are indicated ( ). (c) Exceptionally, when there were fewṀO 2 measurements available to calculate SMR prior to feeding, additional measurements obtained when the specific dynamic action was clearly ended were also used. , SMR; , night-time.
D . C H A B OT E T A L.
variability about SMR and SDA. Chabot et al. (2016) argued thatṀO 2 of a calm and quiet fish is not constant when measured during consecutive short intervals but varies about an average value that is SMR interspersed with a varying amount of higher values caused by activity or stress. These authors showed that a quantile approach, e.g. allowing a proportion of the observeḋ MO 2 values to be below SMR, is a valid method to estimate SMR. Quantile regression extends the concept of univariate sample quantiles to more general statistical models. Just as classical least-squares regression extends the idea of the sample mean to estimation of conditional mean functions depending on covariates, quantile regression extends sample quantiles to estimation of conditional quantile functions that depend on covariates. Given a specified tau ( ) between 0 and 1, the goal is to estimate a curve, say Q Y ( |x), such that at any setting of the covariates, x, the probability of the response, Y, falling below Q Y ( |x) is and of falling above is 1 − (Koenker, 2005) . In the case of estimating SDA, should be a lower conditional quantile, like 0⋅20, reflecting the desire to describe a lower envelope of the scatterplot that maintains 20% of the observations below and 80% above the estimated curve. Similar to least-squares regression, either parametric or non-parametric specifications of the conditional quantile functions can be used. In order to reserve judgement about the shape of the SDA curve, the non-parametric approach is preferred. Amongst the several non-parametric approaches available, the penalty method described by Koenker et al. (1994) is particularly well adapted to the task of estimating the SDA curve in situations when a variable amount of elevatedṀO 2 values are expected. It is implemented in the function rqss in the R package quantreg in the study of Koenker (2013) . In this approach, the flexibility of the fitted curve is controlled by the penalty parameter while the quantile of interest is specified by . A script in the R language (Appendix S1, Supporting Information) uses rqss to estimate the time course of SDA, and a second script (Appendix S1, Supporting Information) shows the SDA on a plot ofṀO 2 values as a function of time.
The maximum value of the fitted line represents the peakṀO 2 value (amplitude) during SDA. To compare fish with different baseline (SMR) values, results are reported as net peak values (peakṀO 2 minus SMR) and factorial peak (peakṀO 2 divided by SMR) (Secor, 2009) . The time to reach peakṀO 2 (h since feeding) is also calculated. The end of SDA is determined when the fitted line crosses SMR. Given the intrinsic difficulty of assigning this time point to determine SDA duration, a tolerance value (either constant or as % of SMR) is selected by the experimenter. The magnitude of SDA is calculated by integrating the area under the curve. In practice, this is accomplished by summing the areas of a series of trapezoids of 0⋅5 h width (Appendix S1, Supporting Information).
The rqss method was compared with two other SDA estimation methods. SDA is often measured by averagingṀO 2 values for several fish and comparing the average values to either pre-feedingṀO 2 , or toṀO 2 of control, unfed fish (Guinea & Fernandez, 1997; Eliason et al., 2007; Jordan & Steffensen, 2007; Lefevre et al., 2012) . The first alternative was used here:ṀO 2 values were averaged over 2 h bins for each fish, standardized for SMR and averaged for all fish in each treatment. As the rqss is a smoothing function, it is more fair to compare it to another smoothing function. Locally weighted regression (loess with a span of 0⋅7) (Cleveland, 1979) was fitted to theṀO 2 values. Both these methods are expected to produce higher estimates of peakṀO 2 and of SDA magnitude as they are based on allṀO 2 values, even the elevated ones that are presumably caused by locomotor activity or stress.
S TAT I S T I C A L A NA LY S E S
Average predicted values (from the rqss fits) for the post-feeding period were plotted for the four diets. For the alternative methods, averageṀO 2 values 2 h −1 bins for each fish were further averaged for the six fish of each diet. Average loess fits for each diet were also calculated. Non-overlapping confidence bands were used as an indication of differences in SDA. The diets were compared for the SDA variables (peak value, time to peak, duration and magnitude) using ANOVAs, and post hoc comparisons [Tukey's honest significant dofference (HSD) method] were used when differences were found to identify which diets differed. The normality of the residuals was verified with the D'Agostino-Pearson normality test, package moments (Komsta & Novomestky, 2015) and homoscedasticity with the Brown-Forsythe test, package car (Fox & Weisberg, 2011) . There were few cases reported in the results, when variances were equal but the residuals were not normally distributed. The ANOVA, however, is robust to this assumption 159 when sample sizes and variances are equal (Quinn & Keough, 2002) . For the one case of heteroscedasticity, a Welch ANOVA, which compensates for this, was used, followed by pair-wise comparisons that did not pool variance and used the Holm method to keep the family-wise risk of type I error to 0⋅05 (Dalgaard, 2008) . All statistical analyses were performed with R (R Core Team; www.r-project.org).
The gavage resulted in a few very high values ofṀO 2 immediately after feeding or sham feeding. For each fish, an exponential decay function was fitted to the first few hours of data following sham feeding. The number of hours was adjusted to capture the quickly decreasinġ MO 2 , but to avoid fluctuations around SMR and activity bouts that usually occurred after this initial period. The first 10 h of data following the meal were corrected by subtracting the additionalṀO 2 predicted by the exponential decay model associated with sham feeding that was constructed for each fish. Sham feeding is tedious and involves keeping each fish in the respirometer 1 day longer. To see if an average correction was effective, sham-feeding data from all fish were pooled and fitted with an exponential decay model. The SDA of each fish was then recalculated after correcting theṀO 2 values obtained during the first 10 h according to this general fit. To assess the possibility of calculating SDA when no correction for the effect of the feeding procedure is available, the rqss model was also fitted to uncorrectedṀO 2 data, after excluding either the first 3 or 5 h of data after feeding.
RESULTS
The primary plot ofṀO 2 and time for three fish with pronounced but different activity cycles are presented in Fig. 1 . The fish in Fig. 1(a) , (b) were day active to different degrees, whereas the fish in Fig. 1(c) was more active at night. The activity is discerned by the frequency of the highṀO 2 values during either day or night, both before and after feeding, and it is superimposed on the progressive decay ofṀO 2 during the postprandial period. Activity, stress, recovery from anaesthesia and SDA are probably all involved during the first 2-3 h after gavage.
The effect of using different and values in fitting rqss to the post-feedingṀO 2 values is shown in Fig. 2 . Overall, many combinations of and resulted in fits that described well the trajectory of the low values ofṀO 2 during SDA. When is kept constant (24 h, a value that makes the fitting method quite robust against the presence of bouts of activity), increasing leaves more values under the fitted curve, and as a side-effect, pulls the fitted line upward during periods with a high proportion of elevatedṀO 2 , which are presumed to correspond to increased physical activity by the fish [ Fig. 2(a) , (c), (e)]. Therefore, high values of make the fit more sensitive to bouts of activity, unless a large value of is used. When is kept constant, here at 0⋅2, a value that is recommended by Chabot et al. (2016) to estimate SMR with the quantile method, greater values of render the fit more robust against the presence of activity cycles [ Fig. 2(b) , (d), (f)]. As keeping at 0⋅2 was desired, so as to have a similar criterion when calculating SMR and SDA, and because these juvenile G. morhua sometimes displayed pronounced activity cycles, was set to 30 for the remainder of the analyses.
The feeding procedure increasedṀO 2 considerably during the first 3 h post-feeding. This cannot be considered part of SDA, as it also occurs during sham feeding (Fig. 1) . Therefore, using rqss on the uncorrectedṀO 2 values inflates SDA during the first few hours post-feeding, although the effect of the gavage can be lessened by removing a few hours before fitting the model [ Fig. 3(a)-(c) ]. In this study, each fish was sham fed and theṀO 2 values of the first few hours of SDA were corrected using an exponential decay curve fitted to the sham-feeding data, which greatly reduced the effect of the gavage on the first few hours of the fitted SDA curve [ Fig. 3 ( , 12; , 18; , 24; , 30 ), keeping at 0⋅2. TheṀO 2 values recorded during the first 10 h were corrected for the effect of feeding and are therefore lower than in Fig. 1. , the standard metabolic rate. closer to SMR at the beginning of SDA. Even after correcting for the feeding procedure, however, the rqss fit did not originate at SMR at the time of feeding and the risk of overestimating SDA at this time still existed. To solve this problem,ṀO 2 was assumed to be at SMR (e.g. SDA = 0) at time zero. A short period was removed before fitting the model to corrected values and, for comparison, uncorrectedṀO 2 values. SDA was then assumed to follow a straight line joining the origin to the first value predicted by the fitted line. The effect of removing 3 and 5 h before fitting the model on correcteḋ MO 2 values are shown in Fig. 3 (b) , (d), (f), and there is no difference between the two periods. Keeping the period when the fit is assumed to increase linearly to a minimum is advantageous when the peak of SDA occurs early, as with the three experimental diets, therefore 3 h were removed for all fish. The rqss fits all available data, until the end of the experiment, but a criterion needs to be defined to identify the end of SDA. Ideally, this would be when the fitted line reaches the horizontal line representing SMR. In practice, the presence of a bout of activity may cause the rqss fit to come close to, but not reach, SMR. Also, in experiments where recording ofṀO 2 stops soon after the end of SDA, there may not be enough data near the end of recording to bring the rqss fit back to SMR. Adding 5% tolerance to SMR works well in most cases. In this study, the rqss fit of 22 fish returned to R SM + 5%. For three of these fish, the fitted line dropped close to SMR and then continued, almost parallel to SMR, for many hours before reaching R S + 5% [ Fig. 4(a) ]. Therefore, a small error in the estimation of SMR could considerably change the estimated duration of SDA. Further, the 5% tolerance level was not met for the remaining two fish: the lowest point of the fitted line for these two fish was R S + 5⋅2 and 8%, respectively. Because the SDA of five of the 24 fish did not end normally with the 5% tolerance level, tolerance was raised to 8%. With this increased tolerance, all 24 SDA ended correctly [ Fig. 4(b) ]. This means that duration was truncated, but it was shortened similarly for all treatments. 163 The alternative is to reject fish with an SDA that does not end correctly with the smaller tolerance, a solution that is feasible when sample size is larger than in this study.
Calculated SDA values for the three fish examples, including the time course of SDA (the fitted line itself) and the calculated variables of SDA (peak value, time before the peak was reached, duration and magnitude) when the first few hours of SDA were corrected for the feeding procedure are shown in Fig. 5(a), (c) , (e). These fitted lines were much less influenced by the activity cycles than the common method of averagingṀO 2 values over relatively narrow time bins [ Fig. 5(b), (d), (f) ]. AveragingṀO 2 overestimates SDA because SMR, SDA and activity all contribute to MR. Overestimation was still a problem when smoothingṀO 2 values, in this case with the loess fitting procedure, because allṀO 2 values, including elevated ones, influenced the fit.
When mean responses for the diet treatments were compared, average rqss fits differed between the four diets: the SDA produced by the commercial pellets had significantly greater amplitude than that of the three experimental diets from 5 to 36 h [non-overlapping 95% confidence bands; Fig. 6(a) ]. The usual approach of averaginġ MO 2 for 2 h bins also revealed a higherṀO 2 during SDA for the commercial diet, compared with the experimental diets, but only between 21 and 30 h [ Fig. 6(b) ]. The 95% confidence bands were wider, probably because of different activity patterns for different fish, although increases in averageṀO 2 c. 17 and 40 h after feeding for all treatments suggest that there was a general increase in activity at these times, which correspond to 2100 hours for the majority of the fish, e.g. a few hours after dark. Further, this method increasedṀO 2 during SDA compared with the rqss results, as SMR, SDA and activity all contributed to averageṀO 2 . Thus, average peakṀO 2 during SDA appeared to be c. 0⋅3 (e.g. 30% of SMR) above the rqss results and averageṀO 2 at the end of SDA was c. 0⋅15 greater than the rqss result. Using a more traditional smoothing function was an improvement over simply averagingṀO 2 along the time course of SDA. In fact, the loess method with a large span (0⋅7) was quite effective at eliminating short-term increases inṀO 2 during SDA caused by periods of enhanced activity [ Fig. 6(c) ]. Average peakṀO 2 during SDA was only c. 0⋅1 above the rqss result, but this difference was maintained for the entire duration of SDA. With this method, the commercial diet yielded a greater SDA from 7 to 27 h post-feeding.
The rqss method makes it easy to obtain SDA variables for each fish. The commercial diet produced a significantly greater net and factorial peakṀO 2 , this peak occurred later during SDA, and the magnitude of SDA was greater than for the three experimental diets, which were similar with each other (Table I) . Duration of SDA, however, was similar for all diets. The conclusions and the average values of the SDA variables were essentially identical if the first 10 h of SDA were corrected for the effect of the gavage using a common exponential decay fit, obtained after pooling the sham-feeding data from all fish [Table II(a)], instead of a correction calculated for each fish used in the above analysis. Not correcting for the effect of the gavage led to an apparent increase in the peak value of SDA for the three experimental diets, which had very early peaks that could be exaggerated by the stress and activity resulting from the gavage [ Table II(b)] , although this effect was less when 5 h were excluded at the beginning of SDA instead of 3 h [Table II(c)]. Not correcting the first few hours ofṀO 2 values for the feeding procedure made it more difficult to detect differences in peakṀO 2 between treatments, although using factorialṀO 2 made the test more sensitive and the higher peakṀO 2 of the control diet was easily detected. Without correction, the timing of the peak of SDA was not estimated well in cases where it occurred so early after food ingestion that the Comparison of the non-parametric quantile regression analysis (a, c, e) = 0⋅2 and = 24, end criterion = standard metabolic rate (SMR, R SM ) + 8% to two alternative approaches to measure SDA (b, d, f) 2 h averages of post-feeding oxygen uptake,ṀO 2 , and loess fit with span of 0⋅7 for the three Gadus morhua from Fig. 1 . TheṀO 2 values observed during the first 10 h were corrected for the effect of the feeding procedure using data from the sham feeding obtained for each fish c. 24 h prior to feeding. Both the non-parametric quantile regression and loess fits started at 3 h after feeding, and SDA was assumed to progress from SMR to the beginning of the fit between 0 and 3 h. TheṀO 2 values observed during the first 10 h were corrected for the effect of the feeding procedure using data from the sham feeding obtained for each fish c.24 h prior to feeding. Both the rqss and loess fits started at 3 h after feeding, and SDA was assumed to progress from SMR to the beginning of the fit between 0 and 3 h. 
DISCUSSION
Although SDA can be very easy to measure in calm fishes, measurement of SDA on more active species is more difficult primarily because of the confounding effect of spontaneous activity, which elevatesṀO 2 beyond that seen with SDA. Here, a number of analytical approaches were investigated to resolve this difficulty. The problem stems in part from the new technologies that permit fine resolution measurement ofṀO 2 over short-time periods (intermittent-flow respirometry and optodes; Chabot et al., 2016; Svendsen et al., 2016) . ConsecutiveṀO 2 measurements are intrinsically variable and may be below SMR, before feeding, and below SMR and SDA combined, after feeding. Removing the effect of activity by considering only the lowest measurements risks underestimating both SMR and SDA. While individualṀO 2 measurement periods of a longer duration will inevitably smooth theṀO 2 and time plots, spontaneous activity is then added to SDA in theṀO 2 measurement and results in an overestimate of the true SDA. AlthoughṀO 2 measurements over long-time intervals are rare since the advent of intermittent-flow and flow-through respirometry, averaging multipleṀO 2 measurements within a time interval of one to a few hours is the equivalent: SMR, SDA, stress and activity all contribute to the averageṀO 2 for each time period. To date, there are few instances where the effect of activity on SDA has been dealt with. The work by Eliason et al. (2007 Eliason et al. ( , 2014 is one notable exception. These authors used only the lowest of every four readings to estimate the time course of SDA. Although this method worked well in their study, there is a risk of underestimating SDA since the criterion to define SMR prior to feeding was not as driven by the lowest values in each time block. It is also possible for the fish to be very active for up to a few hours at a time, in which case retaining only one of every four measurements may not suffice to eliminate the effect of activity on SDA. Therefore, the use of the rqss was explored as an advance in the study of SDA in fish. What emerged was a robust method to easily quantify the variables that describe SDA (peak value, time-to-peak, duration and magnitude) for each individual fish, including active fish. Although bouts of activity lasting many hours and without any lowṀO 2 values cannot be entirely negated, in the vast majority of the cases for which this analytical method has been used, the effect of activity cycles remained small (D. Chabot, unpubl. data) .
A priori the analysis is dependent on an appropriate choice for and . Yet, the effect of changing the value of and when fitting non-parametric quantile regressions tȯ MO 2 values of the three fish from Fig. 1 shows that the method is not excessively sensitive to small variations in the values of these parameters. The choice of should be linked to the method used to determine SMR. If a quantile method is used for SMR, should be the used to estimate SMR. If the MLND method is used (Steffensen et al., 1994) , of 0⋅2 or 0⋅25 could be used, as these quantiles with values of 0⋅2 and 0⋅25 tend to produce similar SMR estimates (Chabot et al., 2016) . In this study, the SMR of the 24 fish was determined using the method recommended by Chabot et al. (2016) : the MLND was used if its c.v. was ≤5⋅4% (six cases), otherwise the q 0⋅2 was used (18 cases). Using a value of 0⋅2 was therefore justified. In studies that estimate SMR using the MLND or another method (many authors use the average of a certain number
of their lowestṀO 2 measurements to estimate SMR; Chabot et al., 2016) , it is still possible to use the rqss method of quantifying SDA by calculating a value using the pre-feeding data ( = number of values withṀO 2 < SMR relative to total number oḟ MO 2 values of the fasted fish). The drawback is that sensitivity to activity cycles, which is influenced by the choice of , will then differ from fish to fish, unless a large value of and an average value of is used. More work is required to assess the implications of using different values of for different fish of the same study.
Choosing is less of a challenge. As a rule, should be larger than the duration of activity cycles. As most fish have one cycle per day lasting at most about half a day, values of 12 or more (assuming that the time scale is in hours) should work well. A of 12, however, is not always impervious to activity cycles when is as high as 0⋅2. In practice, of 24-30 gives very similar results, with the latter particularly robust against activity cycles, but the additional stiffness can influence the location of the peakṀO 2 in some cases. The ability to adjust the fitting method to specific data sets, with the aim of reducing the influence of activity cycles on SDA estimation, should be considered an advantage of the method, not an inconvenience.
The rqss fit showsṀO 2 values above SMR at time zero. This is particularly true when the gavage procedure increasedṀO 2 for the first few hours after the fish was returned to the respirometer. In fact, peakṀO 2 can then occur at 0 h. Correcting for this effect using an exponential decay fit to the sham-feeding data of each fish diminished this problem. A simpler correction method, where the correction curve was fitted after pooling the sham-feeding data of all fish at once, performed almost as well, meaning that sham feeding a few fish at the beginning of a SDA study and applying an average sham-feeding effect to each fish may be sufficient. Even with corrected data, the rqss fit rarely yielded aṀO 2 close to SMR at the time of feeding, owing to small differences in how each fish responded to the two events (sham feeding and true feeding) and also to normal variability inṀO 2 measurements. A workable solution was found for this problem.ṀO 2 was assumed to be SMR at the time of feeding, the first 3 h were removed when fitting the model, and the increase inṀO 2 between the time of feeding and the beginning of the fitted line was assumed to be linear.
To assess the need to run sham-feeding trials, rqss models were also fitted without any correction for the effect of the feeding procedure and only removing the first few hours (3 or 5 h) of data and joining the start of SDA (the point where time is zero andṀO 2 is SMR) to the first fitted value at 3 or 5 h with a straight line [ Fig. 3(a) , (c), (e)]. In this study, simply removing data from the first few hours was less useful than correcting the data for the feeding procedure, because the three experimental diets resulted in a very early SDA peak. Removing enough data (5 h) to remove the effect of the feeding procedure resulted in an overestimation of the time to reach the peak of SDA [Table II(c)], whereas removing less data resulted in an overestimation of the peak of SDA [Table II(b) ]. This procedure ought to work better in fishes with a later SDA peak, in which case sham feeding may be unnecessary.
Ideally, the SDA fit would return to SMR each time, but this was not always the case in this study. Maybe some fish required longer time to process their food, and the experiment ended too soon to confirm the end of SDA. Sometimes, fish became stressed and agitated if kept in the respirometer for too long. The rqss fit can be seen approaching SMR and then start increasing again, without quite reaching SMR. In some fish, SDA was decreasing and then the fitted line became almost parallel to SMR, causing an overestimation of SDA duration. One possible cause for this is an underestimation of 169 SMR. When analysing a group of fish, it is suggested to start with a small tolerance level to define the end of SDA, such as R S + 5%. If some fish do not complete SDA with this criterion, the choice is to reject these fish, or to increase the tolerance limit, thus truncating the end of SDA, but doing so equally for all fish in all treatments. In this study, two fish did not meet the original criterion of R S + 5%, the rqss fit never came closer than 5⋅8 and 8% above SMR, respectively. Of the other 22 fish, three had SDA that ended with a long tail (more than 20 h). Raising the criterion to determine the end of SDA to R S + 8% solved both problems. Adapting the end criterion helps with the comparison of fish within a study, but it does make the comparison of SDA duration between studies more difficult if each study adopts a different criterion to define the end of SDA. Whenever possible, the criterion should be the same between studies, even if this requires rejecting some fish.
In conclusion, the rqss is a promising method to increase the accuracy of SDA determination in fishes that can remain active in a respirometer even after the first few hours of habituation. Traditional methods tend to overestimate the amplitude and magnitude of SDA when the baseline is SMR, because allṀO 2 values observed after feeding are used to calculate the variables that describe SDA, even those that reflect the cost of activity, whereas such elevated values are removed from the calculation of SMR. The rqss method keeps the proportion ofṀO 2 measurements below (and above) the fitted line similar before and after feeding and is quite insensitive to the presence of elevateḋ MO 2 values indicative of increased stress or activity in the respirometer.
